Introduction {#sec1}
============

For nearly 40 years, antisense oligonucleotides (ASOs) have been researched and refined to modify target gene expression. Recently, three ASOs with drug-like properties received approvals, and more than 100 ASOs are currently in clinical development.[@bib1] An ongoing challenge in ASO development is the optimization of the ASO design to ensure adequate patient safety. ASOs have known potential safety liabilities, recently reviewed by Chi et al.,[@bib2] which mainly involve (1) hybridization-independent binding of ASOs to cellular proteins, thereby interfering with their biological function and/or (2) hybridization-dependent downregulation of unintended target RNAs, thereby reducing the level of potentially essential proteins or regulatory RNAs. Following *in vivo* administration, ASOs mainly accumulate in the kidney and liver, where ASO-mediated toxicity is typically observed.[@bib3]

Some 2′-sugar modifications, including locked nucleic acid (LNA) and constrained ethyl (cEt) substitutions, significantly increase the binding affinity of RNase H1-activating gapmer ASOs, i.e., ASOs containing a central deoxynucleotide region flanked on both ends by several modified ribonucleotides. Short (12--16 nt long) gapmer ASOs with LNA or cEt nucleotides in the flanks tend to exhibit higher potency than longer oligonucleotides built with lower-affinity chemistry.[@bib1] This shorter ASO design could enhance *in vivo* delivery and further mitigate some typical class effects of ASOs containing stability- and protein binding-increasing phosphorothioate (PS) backbone modifications.[@bib1], [@bib2] Despite these advantages, ASOs with high-affinity modifications have been associated with a higher risk of inducing liver toxicity.[@bib4], [@bib5], [@bib6], [@bib7], [@bib8], [@bib9], [@bib10], [@bib11], [@bib12] Recent *in vivo* data suggest that the observed hepatotoxicity is hybridization dependent and requires RNase H1 activity.[@bib10], [@bib12] Furthermore, the affinity of an ASO is considered to be associated with its hepatotoxic potential, likely because high-affinity ASOs can bind to and mediate cleavage of more unintended target RNAs than lower affinity ASOs.[@bib10], [@bib11], [@bib12], [@bib13]

Although our understanding of hybridization-dependent ASO toxicity is increasing, there are only a few reported *in silico* and/or *in vitro* approaches to predict this *in vivo* liability.[@bib6], [@bib11], [@bib12], [@bib13], [@bib14], [@bib15] Although *in silico* methods can identify putative off-target sequences,[@bib11], [@bib13] setting tolerable thresholds to minimize false positive off-target predictions remains difficult. Thus, *in silico* approaches can markedly reduce, but not eliminate, the risk of selecting oligonucleotides with hybridization-dependent toxicities.[@bib16] To assess this remaining risk, ASOs are routinely tested in animals (typically mice) or, as recently reported, primary mouse and human hepatocytes for their hepatotoxic potential.[@bib14]

Here, we investigated whether the hepatotoxic potential of LNA-ASOs can also be assessed employing conventional tissue culture cells and methods. Applying lipotransfection for efficient nuclear delivery of 236 LNA-ASOs, we observed a clear association between induction of apoptosis in mouse 3T3 fibroblast cells *in vitro* and LNA-ASO hepatotoxicity determined *in vivo* in mice. Moreover, using the *in vitro* assay, we accurately reproduced recent mechanistic *in vivo* findings in relation to hybridization-dependent hepatotoxicity.[@bib10], [@bib12] The cytotoxic properties of hepatotoxic LNA-ASOs also manifested in tumor-derived human tissue culture cell lines. These findings imply a general cytotoxic---rather than a cell-type-specific toxic---effect of certain high-affinity ASOs. Finally, our data suggest a relationship between the calculated melting temperature (*T*~*m*~) of LNA-ASOs and their hepatotoxic potential.

Results {#sec2}
=======

Apoptosis Induction in Mouse 3T3 Fibroblast Cells Differentiates Hepatotoxic from Well-Tolerated LNA-ASOs {#sec2.1}
---------------------------------------------------------------------------------------------------------

Recently, Sewing et al.[@bib14] demonstrated that unassisted (gymnotic) delivery of LNA-ASOs into primary mouse and human hepatocytes can discriminate hepatotoxic from well-tolerated LNA-ASOs by various readouts, including apoptosis. Assuming hybridization- and RNase-H-1-dependent mechanisms underlying hepatotoxicity, we hypothesized that this oligonucleotide-mediated toxicity may be evident in other cell types following efficient entry of the oligonucleotides into the cell's nucleus. Thus, we used Lipofectamine 2000 for nuclear delivery of LNA-ASOs into mouse 3T3 fibroblast cells and assessed apoptosis 24 hr later. As initial tool molecules, we selected six LNA-ASOs targeting mouse "Myeloid differentiation primary response 88" (*Myd88*) RNA ([Table 1](#tbl1){ref-type="table"}), of which three were known to be hepatotoxic and three were well-tolerated based on alanine aminotransferase (ALT) levels determined after 2 weeks of treatment with 5 × 15 mg/kg in mice.[@bib6] As evident from [Figure 1](#fig1){ref-type="fig"}, the hepatotoxic LNA-ASOs showed a concentration-dependent increase in caspase activity, whereas the well-tolerated LNA-ASOs did not markedly induce caspase activity at any tested concentration when compared to untreated cells (UTCs).Figure 1Apoptosis Induction *In Vitro* Reveals the Hepatotoxic Potential of LNA-ASOsMouse 3T3 fibroblast cells were transfected using Lipofectamine 2000 with well-tolerated and hepatotoxic LNA-ASOs, respectively. Caspase 3/7 activity was measured 24 hr later. Triplicate transfections were performed; the results are shown as a percentage change relative to UTCs. Data are mean ± SD.Table 1Structures and Key Data of Initial Set of Tool LNA-ASOsLNA-ASO NameLNA-ASO SequenceTarget RNATarget SpeciesALT Increase Relative to ControlHepatotoxic*T*~*m*~ (°C)LNA32EAAaggaaacacaEAT*Myd88*mouse, rat1.09no44.5LNA33EAAatgctgaaacTAT*Myd88*mouse1.02no44.0LNA39GTEagaaacaaccAEE*Myd88*mouse, rat1.06no51.4LNA41EAEattccttgctETG*Myd88*mouse, human44.57yes57.2LNA37GEEtcccagttccTTT*Myd88*mouse, rat41.54yes64.3LNA43GATgcctcccaGTT*Myd88*mouse, rat36.48yes55.9[^3]

To extend this observation and rule out any transfection or target-related toxicity, an additional 230 LNA-ASOs were tested in the *in vitro* assay at a fixed concentration of 100 nM. These 236 LNA-ASOs were designed to target 13 different genes and had all been evaluated in mice (n = 5) for their hepatotoxic potential.[@bib6] LNA-ASOs with a demonstrated lower hepatotoxic liability (i.e., mean ALT ≤5-fold change relative to saline-treated mice[@bib6]) induced significantly lower caspase activities (p value = 5.4 × 10^−12^ by Wilcoxon rank sum test) than LNA-ASOs with a higher hepatotoxic liability (i.e., mean ALT \>5-fold change relative to saline-treated mice[@bib6]) ([Figure 2](#fig2){ref-type="fig"}).Figure 2*In Vitro* Caspase 3/7 Induction Is Stronger for Hepatotoxic Than for Well-Tolerated LNA-ASOsMouse 3T3 fibroblast cells were transfected using Lipofectamine 2000 with 236 different LNA-ASOs at 100 nM. Caspase 3/7 activity was measured 24 hr later. Duplicate transfections were performed, and the values were calculated as average percentage change relative to UTCs. The LNA-ASOs were separated into two groups of lower and higher hepatotoxicity *in vivo* (i.e., mean ALT levels ≤5-fold or \>5-fold, respectively, relative to saline-treated mice after intravenous (i.v.) treatment with 5 × 15 mg/kg LNA-ASOs[@bib6]). Each group of LNA-ASOs is listed versus their respective caspase values determined *in vitro* in a boxplot diagram. For each group, the number (count) of included LNA-ASOs, the median caspase activities, and the number of outliers is shown. The level of significance as evaluated by Wilcoxon rank sum test is indicated above the boxplot.

Apoptosis Induction by Hepatotoxic LNA-ASOs *In Vitro* Is RNase H1 Dependent {#sec2.2}
----------------------------------------------------------------------------

Recently, it was demonstrated *in vivo* that oligonucleotide-mediated downregulation of RNase H1 expression in mouse liver suppressed hepatotoxicity of certain high-affinity ASOs.[@bib10], [@bib12] To assess whether our *in vitro* assay also reproduces this finding, we pre-transfected mouse 3T3 fibroblast cells with a small interfering RNA (siRNA) against RNase H1 and a non-targeting control siRNA, respectively. Similar to the reported *in vivo* finding,[@bib10], [@bib12] apoptosis was strongly suppressed when the hepatotoxic LNA41 or LNA37 were transfected into cells pre-transfected with a siRNA against RNase H1 but not with the control siRNA ([Figure 3](#fig3){ref-type="fig"}A). The siRNA-mediated downregulation of RNase H1 was confirmed by qPCR ([Figure 3](#fig3){ref-type="fig"}B).Figure 3RNase H1 Knockdown Suppresses LNA-ASO Toxicity *In Vitro*(A) Mouse 3T3 fibroblast cells were transfected with a siRNA against RNase H1 (light gray bars) and a control (ctr.) siRNA (dark gray bars) at 10 nM, respectively, using Lipofectamine 2000. 24 hr later, cells were transfected with the hepatotoxic LNA41 or LNA37 at 30 nM using Lipofectamine 2000. Caspase 3/7 activity was measured 24 hr later. (B) siRNA transfection was performed as in (A) and cells were harvested 48 hr later for assessing RNase H1 knockdown by qPCR. Results in (A) and (B) are shown as a percentage change relative to UTCs. Data (n = 3) are mean ± SD.

2′-OMe Modifications in the Gap Region of Hepatotoxic LNA-ASOs Suppress Toxicity *In Vitro* {#sec2.3}
-------------------------------------------------------------------------------------------

Substitution of several unmodified DNA nucleotides in the gap region with 2′-sugar modifications of hepatotoxic LNA-ASOs has recently been shown to interfere with RNase H1 activity, resulting in reduced hepatotoxicity in mice compared to the parent ASOs.[@bib10], [@bib12] To investigate whether this finding can also be observed in our *in vitro* system, we substituted DNA nucleotides in the gap region of hepatotoxic LNA41 and LNA37 with two (resulting in LNA41' and LNA37') and ten (resulting in LNA41" and LNA37") 2′-O-methyl (2′-OMe)-modified ribonucleotides, respectively. Similar to reported *in vivo* findings, 2′-OMe gap modifications strongly suppressed the toxic potential of hepatotoxic LNA-ASOs also *in vitro*. As evident from [Figure 4](#fig4){ref-type="fig"}, caspase activity induced by LNA41 and LNA37 was potently suppressed when the DNA gap region of the ASOs was completely modified with ten 2′-OMe-modified ribonucleotides (i.e., LNA41" and LNA37"). Two 2′-OMe gap modifications in LNA37' were sufficient to suppress caspase values to similar levels as the fully 2′-OMe gap-modified LNA37". In contrast, the two 2′-OMe gap modifications in LNA41' seemed to suppress caspase activity less potently but still considerably.Figure 42′-OMe Modifications in the Gap Region of Hepatotoxic LNA-ASOs Suppress Toxicity *In Vitro*Left: schematic illustration of the parent LNA41 and LNA37 ASOs and their 2′-OMe-modified versions LNA41' and LNA37' (with two 2′-OMe-modifications in the gap region) and LNA41" and LNA37" (with ten 2′-OMe modifications in the gap region). Right: caspase activity measured 24 hr after transfection of mouse 3T3 fibroblast cells with the indicated LNA-ASOs at 30 nM. Results are shown as a percentage change relative to UTCs. Data (n = 3) are mean ± SD.

2′-OMe Modifications in the Gap Region of Hepatotoxic LNA-ASOs Suppress Downregulation of Their Intended Target Sequence {#sec2.4}
------------------------------------------------------------------------------------------------------------------------

To assess the impact of 2′-OMe modifications in the gap region of LNA41 and LNA37 on their downregulatory potential, we determined *Myd88* expression by qPCR 24 hr after transfection of the different LNA-ASOs into mouse 3T3 fibroblast cells ([Figure 5](#fig5){ref-type="fig"}). Complete modification of the gap region with ten 2′-OMe ribonucleotides in LNA41" and LNA37" potently abrogated *Myd88* downregulation. Consistent with the above experiment (see [Figure 4](#fig4){ref-type="fig"}), two 2′-OMe gap modifications were sufficient to potently suppress LNA37'-mediated downregulation of *Myd88* expression, whereas the downregulatory potential of LNA41' was only slightly affected by the two 2′-OMe gap modifications.Figure 52′-OMe Modifications in the Gap Region of Hepatotoxic LNA-ASOs Suppress Downregulation of Their Intended Target*Myd88* expression was determined 24 hr after transfection of mouse 3T3 fibroblast cells with the indicated LNA-ASOs at 30 nM. Results are shown as a percentage change relative to UTCs. Data (n = 3) are mean ± SD.

Gene Expression Analysis Suggests an Association between Apoptosis Induction *In Vitro* and the Number of Genes De-regulated by a Hepatotoxic LNA-ASO {#sec2.5}
-----------------------------------------------------------------------------------------------------------------------------------------------------

For further insight into the apoptosis-inducing mechanisms of hepatotoxic LNA-ASOs, we investigated gene expression changes following *in vitro* transfection of a hepatotoxic LNA-ASO (LNA41) and its less toxic 2′-OMe-gap-modified version (LNA41'), respectively, into 3T3 cells. Cells were harvested at 3 and 6 hr after transfection, respectively, to preferentially capture direct off-target effects as opposed to secondary downstream effects. Gene array analysis was performed considering only genes for analysis that were at least 2-fold de-regulated at the 6-hr time point. Using these settings, 293 genes were found to be significantly downregulated by the parent LNA41, whereas only 78 of these genes were also affected by the partial gap-modified LNA41' ([Figure 6](#fig6){ref-type="fig"}A). For most of the affected genes, the downregulatory effect was already evident at 3 hr. In line with recent *in vivo* data,[@bib10], [@bib11], [@bib12] pathway analysis suggested that none of the downregulated off-target transcripts could unequivocally be associated with apoptosis (data not shown). In accordance with the *Myd88* qPCR data ([Figure 5](#fig5){ref-type="fig"}), the partial gap modification affected the on-target (*Myd88*) downregulatory potential of LNA41' only modestly ([Figure 6](#fig6){ref-type="fig"}A; red dashed ovals). LNA41 also significantly upregulated 60 genes at 6 hr, whereas gap-modified LNA41' induced only seven of these genes ([Figure 6](#fig6){ref-type="fig"}B). As with the downregulated genes, this effect was already evident at 3 hr for most of the upregulated genes. Several genes upregulated by toxic LNA41 were genes associated with cellular stress and, in particular, with apoptosis, including *Bcl2l11*,[@bib17] *Gadd45a*,[@bib18] *Trp53inp1*,[@bib19] and *Cdkn1a*[@bib20] ([Table S2](#mmc1){ref-type="supplementary-material"}).Figure 6Effect of Hepatotoxic LNA41 and Its 2′-OMe-Gap-Modified Version LNA41' on Gene Expression in Mouse Fibroblast CellsMouse 3T3 fibroblast cells were transfected with LNA41 and 2′-OMe-modified LNA41', respectively, at 30 nM in triplicates, and were then harvested at 3 and 6 hr, respectively. Gene array analysis was performed and only genes were considered, which were significantly (p value ≤ 0.01) de-regulated by at least 2-fold (indicated by the dashed red lines; number of respective genes identified are in blue) from the untreated control (dashed black lines) at the 6-hr time point for LNA41. (A) shows the downregulatory trends of the identified genes between 3 and 6 hr after transfection. The red dashed oval and the arrow indicate the downregulation trends for the LNA41 target transcript *Myd88*; the remaining *Myd88* transcript levels are indicated as fold change relative to control. (B) shows the upregulatory trends of the identified genes between 3 and 6 hr after transfection

Apoptosis Induction *In Vitro* and Hepatotoxicity Observed *In Vivo* Associate with the Binding Affinity of LNA-ASOs {#sec2.6}
--------------------------------------------------------------------------------------------------------------------

Increasing evidence indicates that the binding affinity of an ASO is associated with its hepatotoxic potential.[@bib10], [@bib11], [@bib12] An ASO's binding affinity can be characterized by the *T*~*m*~, which is the temperature at which half of the target RNA-DNA oligonucleotide duplexes dissociate to their single stranded form under standard conditions. The *T*~*m*~ can be determined experimentally,[@bib21] or, as done in the present study, can be predicted using a nearest-neighbor algorithm with experimentally determined thermodynamic parameters.[@bib22] The three well-tolerated *Myd88*-targeting LNA-ASOs all had a calculated *T*~*m*~ \< 52°C, whereas the toxic *Myd88*-targeting LNA-ASOs all had a *T*~*m*~ \> 55°C ([Table 1](#tbl1){ref-type="table"}). To explore this potential association further, we calculated the theoretical *T*~*m*~ for the additional 230 LNA-ASOs used in the assessment above. When all 236 LNA-ASOs were grouped into well-tolerated (i.e., mean ALT levels ≤5-fold from saline-treated mice) and hepatotoxic LNA-ASOs (i.e., mean ALT levels \>5-fold from saline-treated mice), the hepatotoxic LNA-ASOs had a significantly (p value = 7.9 × 10^−5^) higher *T*~*m*~ (median *T*~*m*~ = 57.1°C) than the well-tolerated LNA-ASOs (median *T*~*m*~ = 54.2°C) ([Figure 7](#fig7){ref-type="fig"}A). Next, the caspase values determined *in vitro* for the different LNA-ASOs were analyzed relative to the calculated *T*~*m*~s. The 236 LNA-ASOs were grouped into different *T*~*m*~ ranges and the respective caspase values for each range were listed in a boxplot diagram. [Figure 7](#fig7){ref-type="fig"}B shows a clear association between the different *T*~*m*~ ranges and the respective caspase values determined *in vitro*.Figure 7Higher Affinity LNA-ASOs Tend to Be More Toxic *In Vitro* and *In Vivo*(A) The 236 LNA-ASOs were separated into two groups with *in vivo* mean ALT levels ≤5-fold and \>5-fold from saline-treated mice, respectively. For each group, the respective theoretical *T*~*m*~ values were calculated and summarized in a boxplot diagram. (B) The 236 LNA-ASOs were separated into four *T*~*m*~ ranges, as indicated. For each *T*~*m*~ range, the oligonucleotides' respective caspase values were listed in a boxplot diagram. In addition, for each group in (A) and (B) the number (count) of included LNA-ASOs, the median *T*~*m*~ (for A) and caspase (for B) values, and the number of outliers are shown. The level of significance as evaluated by Wilcoxon rank sum test is indicated above the boxplots in (A).

*T*~*m*~ Calculations Aid the Design of LNA-ASOs with Low *In Vitro* Toxic Potential {#sec2.7}
------------------------------------------------------------------------------------

To investigate whether the above findings can be used to design well-tolerated LNA-ASOs, we designed 10 LNA-ASOs with a *T*~*m*~ \< 50°C. As a control, we also designed 10 LNA-ASOs with a *T*~*m*~ \> 60°C (presented in [Table S1](#mmc1){ref-type="supplementary-material"}). All ASOs targeted mouse glyceraldehyde 3-phosphate dehydrogenase (*Gapdh*) and were subjected to the 3T3 caspase assay. As evident from [Figure 8](#fig8){ref-type="fig"}, 80% of the LNA-ASOs with a *T*~*m*~ \< 50°C displayed low caspase values (i.e., \<200% of UTC), whereas only 20% of the LNA-ASOs with a *T*~*m*~ \> 60°C were within this lower caspase range (p value = 0.005).Figure 8Melting Temperature, *T*~*m*~, Calculations Facilitate the Design of LNA-ASOs with Low Toxic PotentialMouse 3T3 fibroblast cells were transfected using Lipofectamine 2000 with ten low-binding affinity (*T*~*m*~ \< 50°C; dark gray bars) and ten high-binding affinity (*T*~*m*~ \> 60°C; black bars) LNA-ASOs targeting mouse *Gapdh*, respectively, at 30 nM. Caspase 3/7 activity was measured 24 hr later. Results are shown as a percentage change relative to UTCs. Data (n = 3) are mean ± SD.

Modulating the Toxic Potential of an LNA-ASO by Tuning Its Binding Affinity {#sec2.8}
---------------------------------------------------------------------------

The data so far suggest that binding affinity is a major determinant for hybridization-dependent oligonucleotide toxicity. Therefore, we speculated that reducing the binding affinity of a toxic LNA-ASO should consequently reduce its toxicity. To test this, we used the toxic mGAPDH_LNA1189 from the previous experiment (see [Figure 8](#fig8){ref-type="fig"} and [Table S1](#mmc1){ref-type="supplementary-material"}). We changed the number and position of high-affinity LNA modifications in the wings of mGAPDH_LNA1189 while keeping the length and sequence constant. To maintain protection from nucleases, we substituted only the middle LNA modifications in the wings with DNA nucleotides. The different substitutions resulted in mGAPDH_LNA1189 versions with different calculated *T*~*m*~s. As displayed in [Figure 9](#fig9){ref-type="fig"}, *in vitro* toxicity of the parent mGAPDH_LNA1189 was gradually reduced by reducing its binding affinity.Figure 9Effect of the Wing Design on Binding Affinity and LNA-SSO ToxicityLeft: schematic illustration of the parent mGAPDH_LNA1189 and its DNA-substituted wing variants with their respective calculated *T*~*m*~s. Right: caspase activity measured 24 hr after transfection of mouse 3T3 fibroblast cells with the indicated LNA-ASOs at 30 nM. Results are shown as a percentage change relative to UTCs. Data (n = 3) are mean ± SD.

Hepatotoxic LNA-ASOs Also Induce Apoptosis in Tumor-Derived Human Tissue Culture Cell Lines {#sec2.9}
-------------------------------------------------------------------------------------------

Finally, we investigated whether the toxic effect of LNA-ASOs, which was initially demonstrated *in vivo*,[@bib6] and which could here also be demonstrated *in vitro* in mouse fibroblast cells, can also be observed in human cells. To address this, toxic LNA41 and LNA43 and well-tolerated LNA32 and LNA33, respectively, were transfected into different human cell lines, and caspase activity was assessed 24 hr later. The difference in toxicity among the LNA-ASOs observed in mouse fibroblast cells was recapitulated (compare with [Figure 1](#fig1){ref-type="fig"}) in tumor-derived human cell lines, including HeLa, HepG2, andA549 cells ([Figure 10](#fig10){ref-type="fig"}).Figure 10Selected Hepatotoxic LNA-ASOs Also Exert Their Toxic Potential in Different Human Tumor CellsA549, HeLa, and HepG2 cells were transfected using Lipofectamine 2000 with the well-tolerated LNA32 and LNA33 (light gray bars) and the hepatotoxic LNA41 and LNA43 (dark gray bars), respectively, at 30 nM. Caspase 3/7 activity was measured 24 hr later. Triplicate transfections were performed, and the results are shown as a percentage change relative to UTCs. Data are mean ± SD.

Discussion {#sec3}
==========

Current research has greatly improved our understanding of the potential mechanisms of ASO-induced liver toxicity. Convincing *in vivo* evidence now suggests that RNase-H1-mediated cleavage of off-target RNAs represents an important mechanistic cause underlying ASO-mediated hepatotoxicity.[@bib10], [@bib12] Until recently, *in vivo* testing of ASOs was the only way to assess the hepatotoxic potential of ASOs. Sewing et al.,[@bib14] however, has now demonstrated that the hepatotoxic potential of LNA-ASOs can be assessed *in vitro* employing unassisted (gymnotic) delivery of LNA-ASOs into primary mouse and human hepatocytes.

Here, we investigated whether we can use conventional tissue culture cells and transfection methods to also assess the hepatotoxic potential of LNA-ASOs. Remarkably, when 236 different LNA-ASOs (targeting 13 different gene transcripts) with known hepatotoxic potential were lipotransfected into mouse 3T3 fibroblast cells, a significantly higher apoptosis induction was measured for hepatotoxic LNA-ASOs compared to well-tolerated LNA-ASOs ([Figure 2](#fig2){ref-type="fig"}). Moreover, in accordance with recently published *in vivo* data,[@bib10], [@bib11], [@bib12], [@bib13] our subsequent *in vitro* investigations further support the crucial role of RNase H1 activity ([Figures 3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}), the relation to the number of downregulated genes ([Figure 6](#fig6){ref-type="fig"}A), and the impact of binding affinity (*T*~*m*~) on LNA-ASO toxicity ([Figures 7](#fig7){ref-type="fig"}, [8](#fig8){ref-type="fig"}, and [9](#fig9){ref-type="fig"}). The concordance between the present *in vitro* data and the *in vivo* findings supports the *in vitro* screening approach for the assessment of the hepatotoxic potential of ASOs and suggests that the molecular mechanisms underlying LNA-ASO toxicity *in vivo* and *in vitro* are similar.

Previous data indicated that liver injury induced by certain LNA-ASOs in mice occurs through initiation of apoptosis in hepatocytes, and depending on the hepatotoxic potential of the LNA-ASO, can be detected as early as 24 hr after administration.[@bib9] Accordingly, our *in vitro* data show apoptosis induction by hepatotoxic LNA-ASOs 24 hr after assisted delivery. In particular, we found that a selected toxic LNA-ASO induced apoptosis-associated stress response genes, including *Bcl2l11*,[@bib17] *Gadd45a*,[@bib18] *Trp53inp1*,[@bib19] and *Cdkn1a*,[@bib20] already 3--6 hr after transfection ([Table S2](#mmc1){ref-type="supplementary-material"}). The rapid induction of an apoptosis-related signal suggests that the initial trigger of oligonucleotide-induced toxicity may be more closely linked to the intrinsic RNA cleavage events than generally assumed.[@bib10], [@bib11], [@bib12] Supporting this notion are previous *in vivo* data demonstrating a rapid induction of stress response signals already 8 hr following administration of a hepatotoxic LNA-ASO into mice.[@bib5] In this study, a hepatotoxic LNA-ASO induced many gene and pathway changes associated with DNA replication, cell cycle, cell death, cell growth, and proliferation in the liver of mice. Preliminary phosphoproteome analyses performed in our lab demonstrated distinct stress-related phosphorylation signals already 1 hr after transfection of a hepatotoxic but not of a well-tolerated LNA-ASO *in vitro* (A.D., unpublished data). Together, these early stress signals suggest that the trigger of oligonucleotide-induced toxicity may be closely linked to intrinsic RNA cleavage events and not necessarily to downregulation of a specific transcript or set of transcripts. Therefore, we hypothesize that ASO-induced toxicity is primarily related to the amount of RNA cleavage (≈RNA damage), which may also explain the correlation observed *in vivo*[@bib10], [@bib11] and the association demonstrated here ([Figure 6](#fig6){ref-type="fig"}A) between LNA-ASO toxicity and the number of downregulated (≈cleaved/damaged) transcripts. Moreover, this hypothesized mechanism may also explain why, so far, no biological pathways could be identified that are commonly downregulated by hepatotoxic ASOs.[@bib5], [@bib10], [@bib11]

Recently, it has been demonstrated that RNA cleavage products generated by ASOs are processed by the RNA surveillance machinery.[@bib23] Eukaryotes have evolved RNA surveillance mechanisms to monitor RNA quality and rapidly respond to and eliminate faulty transcripts. This essential process prevents the accumulation of defective proteins and acts as a quality control filter to both uphold fidelity and fine-tune gene expression.[@bib24], [@bib25] It is tempting to speculate that toxicity observed for some high-affinity LNA-SSOs might be related to the amount of ASO-generated RNA fragments sequestering or activating factors crucial for maintaining the quality of the RNA surveillance process. The gradual sequestering (or activation) of these factors may act as a measure of RNA cleavage: once a certain fraction of these factors is sequestered (or activated), apoptosis may be induced. However, whether this hypothesized mechanism explains how cells sense and respond to exaggerated oligonucleotide-mediated RNA cleavage must be further investigated. Obviously, a large amount of RNA cleavage events induced by some ASOs might also increase the probability of hitting essential genes so that the mechanism(s) of toxicity can be expected to be a combination of RNA damage and ASO-specific silencing of essential genes (potentially explaining the outliers found in our study).

Of particular note, apoptosis induction by RNA cleavage is also considered to be the underlying cause of cytotoxicity observed for certain ribonucleases.[@bib26] Remarkably, we found that selected hepatotoxic LNA-ASOs, similar to cytotoxic ribonucleases,[@bib26] exerted their toxic potential in cells derived from tumors of different origin(s), including HepG2, HeLa, and A549 cells ([Figure 10](#fig10){ref-type="fig"}). Although the precise mechanisms leading to apoptosis induction by cytotoxic RNases are not yet fully understood, it is possible that exaggerated off-target RNA cleavage mediated by certain high-affinity ASOs triggers similar mechanisms.

Our data suggest a general cytotoxic---rather than a cell-type-specific toxic---effect of ASOs with observed hepatotoxicity. This may be expected because the high number of downregulated off-targets by an ASO with high binding affinity is likely similar in different cell types and species. In agreement with previous *in vivo* studies,[@bib10], [@bib12] our data suggest that the binding affinity of an LNA-ASO is a major determinant for hybridization-dependent toxicity ([Figures 7](#fig7){ref-type="fig"}, [8](#fig8){ref-type="fig"}, and [9](#fig9){ref-type="fig"}). Moreover, our data also suggest that LNA-ASOs with a calculated *T*~*m*~ \< 55°C have a likely lower hepatotoxic potential than LNA-ASOs with a higher *T*~*m*~ (as suggested by the threshold of *T*~*m*~ ≈ 55°C, which seems to roughly separate hepatotoxic from non-hepatotoxic LNA-ASOs; [Figure 7](#fig7){ref-type="fig"}A). Such an affinity threshold above which toxicity seems to increase suggests that the cells can potentially tolerate RNA cleavage events to a certain degree before inducing apoptosis. The number of gross RNA cleavage events mediated by LNA-ASOs with a *T*~*m*~ \< 55°C may fall more frequently into the tolerable range than the number induced by LNA-ASOs with a *T*~*m*~ ≥ 55°C.

One might reason that LNA-ASOs with a lower *T*~*m*~ are less potent than LNA-ASOs with a higher *T*~*m*~. However, as recently demonstrated, too high a binding affinity of an ASO to its target can also reduce its potency, suggesting that an optimal affinity exists that is dependent on various target and cellular factors.[@bib26] We found that for gapmer LNA-ASOs, which are 16 nt long, a predicted *T*~*m*~ between 50°C and 55°C is within a range that roughly balances potency toward the intended target versus the hybridization-dependent toxic potential associated with the binding to unintended targets.

*In silico* methods can identify putative off-target sequences, making them an invaluable tool for designing oligonucleotide-based compounds. However, most of the predicted off-target sequences are not confirmed *in vivo* or *in vitro*.[@bib11], [@bib13], [@bib16] We here present an example illustrating the shortcoming of *in silico* off-target predictions, solely relying on identifying interactions based on sequence complementarity. In this example, four LNA-ASOs (the four different mGAPDH_LNA1189 wing design variants; [Figure 9](#fig9){ref-type="fig"}) had the same sequence but different numbers of LNA modifications in the wings, resulting in different calculated *T*~*m*~s. In terms of sequence complementarity, *in silico* approaches would predict the same number and identity of potential off-target sequences for these four LNA-ASOs and, hence, the same off-target-related toxic potential. However, our *in vitro* assessment of these oligonucleotides suggests that the various LNA wing design variants of mGAPDH_LNA1189 affect their common off-targets differently, causing differing grades of toxicity *in vitro* ([Figure 9](#fig9){ref-type="fig"}). A plausible explanation, which follows previous findings,[@bib13] is that the lower affinity mGAPDH_LNA1189 variants will stably bind to and cleave fewer predicted off-target sequences with partial mismatches than the higher affinity variants. Of interest, an implementation of our *T*~*m*~ \< 55°C threshold into the design of these LNA-ASOs would have selected the well-tolerated versions while filtering out the more toxic versions. Finally, this example also supports using high-affinity modifications in the wings of ASOs because variations of their number and position in the wings allow fine-tuning of the binding affinity for optimally designed ASO molecules. However, a reduction of the *T*~*m*~ (by, e.g., reducing the LNA content in the wings) of a given potent, but toxic, LNA-ASO should not be considered as a general strategy to reduce the LNA-ASO's toxic liability because the affinity reduction will likely also reduce its potency. We instead suggest designing LNA-ASOs with a "moderate" *T*~*m*~ (e.g., between 50°C and 55°C, as suggested by our data) and testing these oligonucleotides for efficacy.

Our data suggest that substitution of a few unmodified DNA nucleotides in the gap region with, e.g., 2′-OMe modifications, might also reduce the toxic potential of LNA-ASOs ([Figure 4](#fig4){ref-type="fig"}). Although 2′-OMe modifications increase the *T*~*m*~ of an ASO and potentially its potency when located in the wings, their positioning and content in the gap region can interfere with RNase H1 activity.[@bib27] Hence, 2′-OMe gap modifications can reduce the ASO's on- and off-target cleavage potential, which likely also reduces the hybridization-dependent toxic potential observed in the present study ([Figure 4](#fig4){ref-type="fig"}). However, our data suggest that depending on the LNA-ASO sequence, slight 2′-OMe gap modifications could have a different impact on the on-target compared to the off-target sites ([Figures 5](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"}A). Further investigation is required to understand how widely the gap modification approach can be used to reduce off-target effects while at the same time retaining activity on the intended target.

We acknowledge that ASOs may also cause non-hybridization-related toxicities and that the overall number and expression of potential off-targets for a given ASO and consequently the hybridization-related toxicities likely vary between cell types. This is reflected in the differing sensitivity of the three cell lines tested ([Figure 10](#fig10){ref-type="fig"}). To broadly explore the hybridization-dependent toxic potential of ASOs, we propose to include a set of different human cell types for assessment and propose to consider only those ASOs for further development, which will demonstrate the lowest apoptosis score in all cell types tested. In our hands, caspase 3/7 values \<200% of the level found in untreated cells may indicate low, hybridization-related oligonucleotide toxicity (as suggested by [Figure 2](#fig2){ref-type="fig"}). Additional transcriptome and pathway analyses implemented in *in vitro* and in animal studies will help to prioritize LNA-ASOs for further development.[@bib11]

Overall, our finding of a *T*~*m*~ \< 55°C threshold level for LNA-ASO toxicity has the potential to improve the design of well-tolerated and efficacious molecules. Moreover, our *in vitro* screening approach represents a valuable addition to the set of *in vitro* assays that can identify and deselect ASOs with potential toxicity liabilities,[@bib11], [@bib14], [@bib15] further improving the discovery of safer ASO drugs.

Materials and Methods {#sec4}
=====================

Cell Culture {#sec4.1}
------------

Mouse 3T3 cells were cultured in DMEM, A549 cells were cultured in Ham's F12K medium, and HeLa and HepG2 cells were cultured in MEM. All media were supplemented with 10% (v/v) fetal bovine serum. Cells were cultured at 37°C and 5% CO~2~.

Oligonucleotides and Transfection {#sec4.2}
---------------------------------

All LNA-ASOs and derivatives listed in detail in [Figures 4](#fig4){ref-type="fig"} and [9](#fig9){ref-type="fig"} and [Tables 1](#tbl1){ref-type="table"} and [S1](#mmc1){ref-type="supplementary-material"} were derived from Exiqon (Denmark). siRNAs, including control siRNA (\#1027280) and mouse RNase H1 siRNA (\#1027416), were purchased from QIAGEN. 1 day before transfection, cells were plated in 100 μL growth medium without antibiotics in a 96-well plate at a density that resulted in 60%--70% cell confluency at the time of transfection. Lipofectamine 2000 (Invitrogen) was used for transfections in 96-well plates. Oligonucleotides or siRNAs were diluted to the required concentration to a total volume of 25 μL in Opti-MEM (Invitrogen) and mixed with 25 μL transfection complex (0.25 μL Lipofectamine 2000 and 24.75 μL Opti-MEM). After 20 min incubation, 50 μL antibiotic-free medium was added to the solution and mixed. After removing the medium from the wells, 100 μL oligonucleotide:transfection agent solution was added to the cells and incubated for 24 hr (LNA-ASO transfections) or 48 hr (siRNA transfections), respectively. All transfections were performed in triplicates.

Apoptosis Assay {#sec4.3}
---------------

Caspase-3/7 activity was determined 24 hr after oligonucleotide transfection using the Caspase-Glo 3/7 Assay (Promega) according to the manufacturer's instruction on a VICTOR3 plate reader (Perkin Elmer).

RNA Preparation and qPCR Experiments {#sec4.4}
------------------------------------

mRNA purification from mouse 3T3 cells was performed using the RNeasy Mini Kit (\#74104; QIAGEN), including an RNase-free DNase I treatment according to the manufacturer's instructions. 50 ng RNA were used per sample, and a one-step RT-PCR was performed using the LightCycler Multiplex RNA Virus Master Kit (\#06754155001; Roche) according to the manufacturer's protocol for a LightCycler 96 (Roche Diagnostics). The primer probes for mouse *Myd88*, *RNase H1*, and *GAPDH* were Mm00440338_m1, Mm00488036_m1, and Mm99999915_g1 (all from Thermo Fisher Scientific), respectively. Analysis was done by the ΔΔCt threshold method to determine expression relative to *GAPDH* mRNA. Each analysis reaction was performed in triplicates, with three samples per condition.

RNA Preparation and Microarray Experiments {#sec4.5}
------------------------------------------

mRNA purification from mouse 3T3 cells was performed using the RNeasy 96 Kit (QIAGEN), including an RNase-free DNase I treatment, according to the manufacturer's instructions. The mouse WG-6 v2 Expression BeadChip (Illumina) was processed in accordance with the manufacturer's instructions. 750 ng total RNA were used for cRNA *in vitro* transcription and labeling with the Illumina TotalPrep RNA Amplification Kit (Life Technologies). Hybridization was carried out in accordance with the Illumina Hybridization System Manual, and data analysis was performed as described previously.[@bib28]

*T*~*m*~ Calculations {#sec4.6}
---------------------

A nearest-neighbor model was used to calculate theoretical *T*~*m*~ of the LNA-ASOs binding to RNA, as previously described.[@bib22] The nearest-neighbor model combines published thermodynamic parameters for LNA binding to DNA with parameters for DNA binding to RNA, and was validated on experimentally measured *T*~*m*~ for LNA-ASOs binding to RNA.[@bib22]

Statistical Analysis {#sec4.7}
--------------------

The data of experiments are expressed as the mean ± SD. Comparisons of data between two groups were analyzed with the Kolmogorov-Smirnov test and Wilcoxon rank sum.
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